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Preface

The purpose of this study was to investigate the

damage progression in fiber reinforced ceramic-glass matrix

composites. Four composite material systems were

fabricated using four different borosilicate glasses

with silicon carbide monofilament fibers. Each glass had a

different coefficient of thermal expansion so that the

residual stresses at the fiber-matrix interface in each

system could be varied. The composites were tested in

tension to determine the mechanical properties and failure

characteristics. Three analytical model predictions of

matrix cracking stress were compared to experimental

results.
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Abstract

Fiber reinforced ceramic matrix composite materials

are receiving a great deal of consideration for use in high

temperature structural applications. But much remains to

be learned about the failure characteristics of these mate-

rials. By understanding the failure mechanisms, the

performance of the materials can be more accurately pre-

dicted. This experimental study was conducted to invest-

igate the damage progression in fiber reinforced ceramic

matrix composites under tensile loading. As part of this

study, the effect of the residual stresses at the fiber-

matrix interface on the damage progression was evaluated.

The composites tested in this work were fabricated

frum silicon carbide fibers and glass matrices in a vacuum

hot press. The monofilament fibers were manufactured by

AVCO Specialty Materials, a division of Textron, Inc. Four

different borosilicate glasses manufactured by Corning

Glass Works served as the matrices in the composites. Each

glass has a different coefficient of thermal expansion than

the fiber and through the variation of this mismatch, the

residual stresses at the fiber-matrix interface were varied

which resulted in different bonding conditions at the

fiber-matrix interface. The testing of the samples con-

sisted of three main steps. The mechanical properties of

the composites were measured using a servo-hydraulic

mechanical testing machine. Then tensile tests were
x



conducted using a constant load straiiii.ng device. Failure

mechanisms were observed using an optical microscope.

Lastly, the experimental stresses when matrix cracks first

occurred were compared to predicted stress values from

analytical models. During the mechanical property tests,

transverse strain reversal was observed which is believed

to be caused by axial matrix cracks and fiber-matrix

debonding. Matrix cracking occurred in the composites

tested before the onset of nonlinearity in the stress-

strain ourves. The residual stress state at the fiber-

matrix interface showed a significant role in the damage

progression in the systems tested. Composite samples with

tensile radial stresses at the interface failed by random

fiber and matrix cracks under tensile loading and in s

cases fiber-matrix debonding was observed. At high

stresses, extensive matrix damage took place. Samples

tested with compressive radial stresses at the fiber-matrix

interface did not exhibit random cracking or heavy matrix

damage even at high stresses. Large thermal coefficient of

expansion mismatch between fiber and matrix caused residual

stresses high enough to produce matrix cracking in the com-

posites. Specifically, samples with axial tensile stresses

at the fiber-matrix interface had transverse matrix cracks

that formed during fabrication. The existing analytical

models were found to vastly overestimate the stresses at

which matrix cracking would occur in these composites.
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Investigation of Failure Modes in

Fiber Reinforced Ceramic Matrix Composites

I. Introduction

Materials engineers have long sought materials with

high strength and stability at elevated temperatures. The

demand for such high performance materials is increasing

rapidly with the push for hypersonic flight and other

advanced aerospace applications. Many ceramics and glasses

possess the high strength and stability at high

temperatures, but have low fracture toughness prohibiting

their use in high stress applications. However the recent

development of fiber reinforced ceramic matrix composites

has generated much interest among materials s-ientists.

Fiber reinforcement offers tougher materials and increased

strain at fracture. Composite materials normally consist

of strong fibers surrounded by a weaker matrix to protect

the fibers and bind the fibers together. Composite

materials are no longer isotropic as most conventional

materials and thus the mechanical property assessment of

composites is much more complicated. But without a better

understanding of the failure mechanisms in ceramic

composites, their use in critical structural elements is

not possible. The failure of fiber reinforced ceramic

composites is a complex process occuring in several stages.

During tensile loading, failure may involve multiple matrix

1



cracking, fiber-matrix debonding, fiber pullout and fiber

fracture. The initiation of damage in the composites is

not well understood. Presently, the indication of matrix

cracking is assumed to be the point at which the stress-

strain curve becomes nonlinear. This assumption is

prevalent in many theoretical modeling efforts today.

The failure mode of fiber-reinforced materials is governed

in part by the trsnsfer of stress between the fiber and

matrix according to Cooper and Kelly (4). This transfer

takes place at the fiber-matrix interface and therefore the

properties of the interface will affect the properties of

the composite. An important interfacial property is the

WA difference in coefficient of thermal expansion of the fiber

and the matrix. This parameter determines the residual

stress-strain distribution after fabrication and can have

significant effects on the resultant composite mechanical

properties (6:954).

With these needs in mind, this study was undertaken to

further understand the failure mechanisms in fiber

reinforced glass matrix composites under tensile loading

and to provide evidence regarding the present assumptions

of the initial damage mode. Also the effect of thermal

coefficient of expansion mismatch between fiber and matrix

is investigated.

2
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The general theory of fiber reinforcement suggests

that significant strengthening will only occur if the

elastic modulus of the fibers is greater than that of the

matrix, and if tensile stresses can be transmitted to the

fiber (6:950). For fibers with a lower modulus than the

matrix, the failure stress of the composite will be reduced

because the matrix will carry a greater proportion of the

applied load. The high strength and large failure strain

of high modulus fibers would be most readily exploited by

incorporation into a ductile and protecting matrix (6:951).

Stresses would be transmitted to the fiber by plastic or

elastic deformation of the matrix. It would appear that

using high modulus fibers to strengthen brittle ceramics

which do not exhibit plastic flow or high elastic

deformation would not significantly add to the ceramic's

strength. Hoever, it can be shown theoretically that the

failure strain of the brittle matrices is increased by the

high modulus fibers (6:951). Currently several techniques

are available for predicting the onset of matrix cracking

in fiber reinforced ceramics. Three of these methods are

presented in greater detail in chapter II, but will be

discussed briefly in the following section.

Aveston, Cooper, and Kelly (2) discussed the multiple

fracture of brittle matrices reinforced with fibers having

a larger failure strain than that of the matrix. For

3



composites, tensile testing results in progressive damage

of the matrix. Aveston et al developed a relation that

predicts a matrix cracking strain based on the crack

spacing in the matrix using an energy balance analysis.

The authors found good agreement between the theoretical

results and experimental tests with glass in plaster, glass

in cement, and carbon fibers in glass.

Marshall, Cox, and Evans (13) addressed matrix

fracture in brittle matrix composites and calculated the

stress for matrix cracking using a stress intensity

approach. Their expression for the matrix cracking stress

is virtually the same as that derived by Aveston et al but

is developed in terms of incremental crack extension. The

energy balance analysis used by Aveston et al was based on

a comparison of energies before and after cracking of the

matrix.

Budiansky, Hutchinson, and Evans (3) introduced

another variation of the Aveston, Cooper, and Kelly theory

considering two situations at the fiber-matrix interface.

For the first case, unbonded fibers held in the matrix by

thermal or strain mismatches, but susceptible to frictional

slip were analyzed. For this case, the prediction is the

same as that by Aveston et al. The second case looked at

fibers that initially are weakly bonded to the matrix, but

may be debonded by the stresses near the tip of an

advancing matrix crack. Additionally, Budiansky et al

4



included the state of residual stress in the matrix in

their prediction for matrix cracking stress.

Besides the three models that predict matrix cracking

stress mentioned above, two models should be briefly

discussed which predict the stress distribution at the

fiber-matrix interface of a composite system. Pagano and

Tandon (15) developed a three-phase concentric cylinder

model for analyzing multidirectional coated continuous

fiber composites. Their model assumes the fiber, coating,

and matrix to be linearly elastic, homogeneous, and

perfectly bonded. In a similar approach to determine the

stress distribution in multiphase systems, Oel and

. Frechette (14) developed a plane stress formulation for

thin cylindrical disks. Their model predicts radial and

circumferential stresses at the fiber-matrix interface.

B. Purpose of This Study

This thesis has the primary purpose of supporting the

efforts to better understand failure characteristics of

fiber reinforced ceramic composites. Specifically, this

thesis involves: (1) studying the damage progression in

unidirectional glass matrix composites under tensile loads;

(2) varying the state of residual stress at the fiber-

matrix interface and observing its effect on damage

progression in the composite; and (3) measuring the

5



mechanical properties of the composite systems and

comparing the results to predicted values.

For this study, fiber reinforced glass matrix

composites were fabricated and tested under tension to

analyze damage progression. The experiments were conducted

at the USAF Materials Laboratory, Wright-Patterson Air

Force Base, Ohio. The composites tested were

unidirectional laminates of AVCO SCS-6 fibers made by

Textron and four glasses manufactured by Corning Glass

Works (Codes 7761, 7740, 7052, and 9741). The AVCO fiber

is a continuous monofilament fiber consisting of a graphite

core coated with silicon carbide by chemical vapor

deposition (CVD). The fiber is then further coated with

several layers of carbon to seal the fiber and reduce

stress concentrations. The coefficient of thermal

expansion (CTE) of the AVCO SCS-6 fiber is 3.6 x 10-8/°C.

The matrices in the composite are borosilicate glasses and

are commercially available with the exception of the Code

7761 glass. The CTE's of the glasses covered a broad range

to allow variation of the residual stresses at the fiber

matrix interface of the composites and are as follows:

M CTE (xlO-B/*C)

7761 2.6
7740 3.5
7052 5.2
9741 4.9



The composites were fabricated in the form of two inch

(5.1 cm) square plates made up of 12 unidirectional layers

of fibers using a vacuum hot press. The processed

composite plates were cut into 0.2 inch (.51 cm) wide and

two inch (5.1 cm) long samples and polished to reduce

surface scratches and flaws.

Tensile tests on the composites were carried out at

room temperature using a constant load straining fixture.

Failure modes involving matrix cracks, fiber-matrix

debonding, and fiber cracks were observed using an optical

metallurgical microscope. Mechanical properties of the

composites were teasured for both the longitudinal and

transverse direction using a servo-hydraulic mechanical

testing machine (MTS). Finally, the results of the

experimental tests are compared to predicted values from

three theoretical models.
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Fiber reinforced glass-ceramic matrix composites are

classified as brittle matrix composites (BMC). They are

characterized by matrices which are stiff compared to the

fibers and exhibit relatively low strain to failure (9:1).

Because of the ]ow strain capability of the matrix in these

composites, matrix damage is usually present well before

final failure of the composite.

A. Theoretical Models

Several analytical models exist that attempt to

i . predict the damage process in brittle matrix composites.

In these models, the composites are assumed to fail by

either single fracture or multiple fracture of the matrix

because of the larger failure strain of the fibers than

that of the matrix. Single fracture will occur when the

fibers are unable to sustain the additional load they

receive when the matrix fails. The transition from single

fracture to m.UItiple fracture of the matrix occurs at a

critical value of volume fiber fraction determined by the

properties of the fiber and matrix. Aveston, Cooper, and

Kelly (2) discussed the condition of multiple matrix

fracture for composite materials stressed in tension

parallel with the fibers. They assumed that if one of the

two constituents of a composite breaks at a lower strain

8



than the other, the more brittle phase will continue to

show multiple fracture until final failure. This also

assumes that the non-broken constituent is able to bear the

load after the more brittle phase initially breaks. The

matrix will break into lengths between x and 2x (Figure 1)

which are determined by the rate of stress transfer between

the fiber and matrix. This rate of transfer is determined

by the maximum shear stress T the interface can sustain

(2:16). From a force balance on a segment of fragmented

fiber and matrix shown in Figure 1,

onu CT(rm2 - rf 2 )] = T2trfx (1)

whcre amu is the breaking stress of the matrix, r is

radius, and the subscripts f and m refer to fiber and

matrix respectively.

Gmu

X T

rf K It"

' i mu

fiber matrx

Figure 1. Fiber-matrix Shear Lag Model (3)
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Then letting Vr = nrrlx and Vm =(rm - rt2 )x, and

rearranging yields Vm/Vf = (rm' - rf')/rf2 . By using

this expression for Vm/Vf in equation 1 and solving for

the crack spacing x, the following relation can be

obtained:

x = (amu/2T)(Vm/Vf)rf (2)

From energy absorption during multiple fracture, Aveston et

al developed an expression relating material and composite

parameters for the strain at which a crack forms in the

matrix.

Emu (12TKmZ(1-g2)EfVfr/EoEm3 rfVm}i/3 (3)

where Km is the fracture toughness of the matrix and V is

the Poisson's ratio of the matrix. Ea is the composite

modulus and given by the rule of mixtures:

Eo EfVf + EmVm (4)

By substituting Ememu for amu in equation 2, the crack

spacing x can be expressed in terms of the composite and

material parameters:

x = (.75rf 2Vm 2ErKm 2(I-pl)/TVfEo)1 /3 (5)

10



Kimber and Keer (10:354) show statistically that x

x*/1.34 where x' is the average crack spacing. Equation 5

can then be rearranged to obtain an expression for shear

stress T.

T = (.75(1-j1)Km'VmlrrfEf/EoVf(x) 3)1 /2 (6)

Marshall, Cox, and Evans (13) analyzed brittle matrix

composites with only frictional bonding between fiber and

matrix and built on the efforts of Aveston, Cooper, and

Kelly. In their work, Marshall et al used a stress

intensity approach for determining crack growth and showed

their result to be equivalent to the energy balance method

that Aveston et al (2) used. However in their energy

balance solution, Marshall et al examined the energy

change for incremental crack extension while Aveston et al

compared energies before and after cracking of the matrix.

Marshall et al also addressed the presence of strength

controlling defects in the matrix. Aveston, Cooper, and

Kelly (2) assumed the matrix possessed a characteristic

strength independent of these defects (13:2014). Marshall,

Cox, and Evans derived an expression for matrix cracking

stress ao:

ao = {6(1-4L)Km2 TEfV 2 Vm(+i)2 /Emrf1/ 3  (7)

11



where r = EfVf/EmVm. This expression for ao can be derived

identically from an energy balance and stress intensity

analysis. They also concluded that for large crack lengths

the matrix cracking stress is independent of crack size.

Large crack lengths are defined as having a crack opening u

which asymptotically approaches the equilibrium separation

uo of the failed matrix (13:2014). This separation is

present at a distance co from the crack tip as shown in

Figure 2. The crack tip stress concentration is induced

only over the length co and thus the stress needed to

extend the crack is independent of crack length (13:2014).

Crack growth in this region is called steady-state crack

growth. Because of the crack-size independence of the

matrix cr~cking stress, Marshall et al (13) defined matrix

cracking stress (for large cracks) as an intrinsic property

of the composite which takes into account the reinforcing

effect the fibers. They stated that for composites with

a higher fiber modulus than the matrix modulus, the matrix

cracking stress of the composite is higher than the

strength of the unreinforoed matrix for a given crack

length (13:2019).

Budiansky, Hutchinson, and Evans (3) also considered

the matrix cracking in fiber-reinforced ceramic composites.

They looked at two different fiber-interface conditions in

the system. The first one was the same as considered by

12



Marshall et al (13) where the fiber and matrix are bonded

only by thermal or strain mism.trhes and the sliding of the

fibers in the matrix is resisted by frictional forces only.

The second case is where the fibers are initially weakly

bonded to the fibers but readily debond due to the stresses

03__

0

11 C

Figure 2. Steady-state Matrix Cr " in a Composite (13)
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near the advancing matrix crack. For the frictional

bonding case, the result generalizes that of the ACK model

and is based on the analysis of steady state crack growth

in the matrix (3:168). They assumed that a planar crack

would propagate across the composite under an applied

stress that becomes constant as soon as the crack passes

two to three fibers. This steady state cracking stress is

the same as the cracking stress of the ACK model. For the

case of the weakly bonded fibers, the matrix cracking

stress will depend on the debonding toughness of the

interface (3:169). Only the unbonded fiber model is

considered here. The theoretical prediction for cracking

stress developed by Budiansky et al is given by

Cor = al - (E/Em)cI (8)

and is valid for unbonded fibers where frictional sliding

between fiber and matrix is allowed. In this expression al

is given by

ai/Eo = 1/Em(6Vr'2ETKm'(1-9')/rrEmEoVm)1/3 (9)

and is equivalent to the ACK relation for matrix cracking

stress. The term al represents the initial matrix stresses

that occur during fabrication due to cooling, plasticity,

14



creep, or phase transformation (3:179). These stresses are

given as

al/Em = 02/01[Ef/E][Vf/1-p]Q (10)

where = (Er-Em) is the strain mismatch between fiber and

matrix. 1 and 12 are functions of Vf, Er/Em, vr, and jim

and assuming that f = pm = v, then they become

01 = 1- (1-2L/1-v)(1-E/Ef) and 02 = k(I+E/Ef) (11).

Budiansky et al also considered the case of unbonded

fibers but for no slip matrix cracking. The relation for

SI-, this case is similar to equation 8 but with a. replaced by

Go where

O /Ec =B[6Vr2 Ef/Vm2 Ec(I+L)] 1/4 [Km 2 (1-1')/rEm*]'/2  (12)

and B = [2Vm3/-6logVf-3Vm(3-Vf)]1/ 4 .

Budiansky et al obtained the relation {aor + (E/Em)a')/ao

as a function of (ai/ao) as shown in Figure 3 where the

linear portion of the curve is the region of large slip and

equation 8 is applicable. In the no slip region, equation

8 still applies, with al replaced by aoc from equation 12.

The transfer of stress between the fiber and matrix

partially governs the mechanical behavior of reinforced

15
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Figure 3. Matrix Cracking Stress for
Frictionally Constrained Fibers (3)

material. By tailoring the interfacial properties,

desirable composite properties can be achieved. Coatings

of different materials and varying thicknesses can be used

to modify the composite behavior. In order to determine

how coatings applied to a fiber can alter the state of

stress at the fiber-matrix interface, Pagano and Tandon

developed a model which approximates the elastic response

of a composite reinforced by coated fibers oriented in

various directions (15). They analyzed a multidirectional

coated continuous fiber composite using a three-phase

concentric cylinder model. Using the model, the effective
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thermoelastic properties and the stress distribution inside

the fiber, and the matrix can be determined. The model

assumptions are that the fiber, coating, and the matrix are

linearly elastic, homogeneous, and perfectly bonded. The

coated fiber reinforced composite is modeled by a

representative volume element composed of concentric,

circular cylinder elements. The innermost cylinder is the

fiber, the next ring is the coating, and the outer ring is

the matrix (15). Additionally, the displacements and

tractions acting on the composite cylinder elements are

assumed to be continuous. In determination of the stress

field, a given set of boundary conditions of the form

Ui(s) = E±jxj or Ti(s) = a±jnj (13)

is applied to the composite material volume, where s is the

boundary surface, xj are the Cartesian coordinates of the

surface, nj is the unit outward normal vector on the

surface, eij and aij are constants and U± and Ti represent

components of the boundary displacement and traction vector

respectively (15:277). For the boundary conditions given,

it can be shown that

Eij = Eoij = constant or aij = aoij = constant (14)
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where the "o" superscript denotes the average value over

the whole volume. For prescibed displacements the average

strains are known and using Hooke's law, the stresses can

be determined. For prescribed tractions the average

stresses are known and the strains can be determined. In

order to analyze composites with their model, Pagano and

Tandon incorporated it into a computer code known as

NDSANDS. Thus a practical tool is available to evaluate

composites of different materials and arbitrary fiber

orientations (15:292).

Oel and Frechette (14) investigated the stress

distribution of composites with curved interfaces such as

fiber reinforced materials. Their study involved measuring

the stress distribution in thin cylindrical glass disks and

comparing the measured values to calculated stresses. The

test specimens were prepared by sealing a disk of one

optical glass in another having a higher thermal expansion

(14:343). The stress formulations were developed by

modifying the stress distribution for a cylindrical system

given by the theory of elasticity. The disks were

considered thin and the axial stresses (am) were assumed to

be zero. The resultant equation for the radial stress at

the fiber-matrix interface is

a L -aATEm{P1-1}/{[[(1-f) + (1+Vm)]P 2 + (1-Vm) - 1(l-g))

(15)
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and the tangential stress is given by

00 AcZTEm{P 2 +11/{(t~I-f) + (l+ im)]P2 + (1lm) - (1i-r)}

(16)

where &a = am - ar, eT = cooling range, Pt = l/Vf, pm and

pf are the Poisson's ratios of the matrix and fiber

respectively, and 0 = Em/Ef. The formulations given by Oel

and Frechette are very similar to those by Pagano and

Tandon except that Oel and Frechette assume plane stress

for the thin disks.

In summary, the models developed by Aveston, Cooper,

and Kelly (ACK); Marshall, Cox, and Evans (MCE); and

* Budiansky, Hutchinson, and Evans (BHE) all predict the

matrix cracking stress for fiber reinforced brittle matrix

composites. The predicted matrix cracking stress predicted

by each is the same for a given system, however the form-

ulation and assumptions of the three models are different.

Additionally, the BHE model includes the initial matrix

stresses due to strain mismatch between the fiber and

matrix that occur during fabrication. The NDSANDS model

developed by Pagano and Tandon determines the stress dis-

tribution in composites reinforced by coated fibers in

various orientations. Oel and Frechette evaluated the

stress distribution in thin composite disks using a similar

formulation to that of Pagano and Tandon but with the
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assumption that for the thin disks the axial stresses are

zero.

R. Material Selection

In this section the fiber and matrices used in this

research are discussed as well as the reasons for their

selection. The main objective of this study was to

investigate the effect of the fiber-matrix interface on

damage progression in a fiber-reinforced glass matrix

composite under tensile loading. Ceramic materials have

long been prized for their high temperature capabilities,

oxidation resistance, chemical durability, and low density

relative to metals (1:624). But their brittle behavior

prevents their use in highly stressed structures such as

engines and aerospace vehicles. Fiber-reinforcement has

been used to improve the strength and toughness of brittle

ceramics. This strengthening will occur when the elastic

modulus of the fibers is greater tihan that of the matrix,

and if tensile stresses can be transmitted to the fibers

(6:950). Ideally a ductile and protecting matrix to bind

the fibers and inhibit crack propagation would take

advantage of the high strength, high modulus fibers. In

the case of low modulus ceramic matrices it appears their

low failure strains would limit their ability to be

strengthened by fiber-reinforcement. However, the actual

failure strain of brittle matrices should be theoretically

20



increased by the addition of higher modulus fibers (6:951).

Thou the fibers to be used in reinforcement of brittle

cpramic mat'ices should have high strength, high modulus,

high temperature capability, and chemical stability. The

important characteristics of the matrix to consider are

compatibility with th, fibers, fabricability, and

refrsctoriness. The mtrix and fiber should be chemically

computible such that both phases remain stable during

proces3ing. Good fab ricbi2ity will allow more samples to

be produced with fewer defects and thus allow more effort

to be devoted to the study of dauage progression. Both

the fiber and matrix material used should retain their

5 strength and stability at elevated temperatures. For this

study it is desirable for the matrix to be optically

transparent to observe damage initiation and progression.

Transparent matrices will allow direct servation of

damage at the fiber-matrix interface. Also because the

effect of residual stress at the fiber-matrix interface on

failure mechanisms is to be investigated, there must be

some means to vary these stresses. Matrices with different

coefficients of thermal expansion (CTE) will change the CTE

mismatch between the fiber and matrix which result in

different states of stress at the fiber-matrix interface.

For this, composite systems with glass matrices have the

greatest potential because of their ease of fabrication,
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chemical stability, transparency, and variable coefficients

of thermal expansion.

The fiber selected for use in this composite is a

continuous monofilament fiber produced by AVCO Specialty

Materials (a division of Textron, Inc.) in Lowell, Massa-

chusetts. The fiber is produced by coating a 37 micron

carbon core with Beta silicon carbide using chemical vapor

deposition (CVD). The fiber is then coated with various

layers of carbon and carbon-silicon carbide to seal the

fiber. According to Prewo and Jarmon (16) the outer

coatings placed on the basic fiber (carbon coated with SiC)

nearly double the strength of the fiber by reducing notches

and stress concentrations. Also the coatings make the

fiber more environmentally stable. Figure 4 depicts the

overall make-up of the AVCO SCS-6 fiber and the properties

of the fiber are listed in Table I.

The glasses chosen to be used for this study were all

made by Corning Glass Works and all except one are

commercially available. The glasses are borosilicate

glasses and were chosen because of their potential for

transparency and their broad range of thermal coefficients

of expansion. The properties and composition of these

glasses are shown in Table II and Table III respectively.
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P ic ,Carbon Core
arbo Carbon Coatings

Figure 4. AVCO SCS-6 Fiber Core and Coatings (17)

Table 1. Properties of the AVCO SCS-6 Fiber (17)

Fiber diameter (xlO-em) 144

Density (g/cc) 3.1

Tensile Strength (MPa) 3450

Elastic Modulus (GPa) 415

Thermal Expansion Coeff. 3.6*
(xlO-s/°C) (22-5000C)

*from Thermo Mechanical Analyzer, Dupont Model 9900
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Table I. Properties of Selected Glasses (12)

MFG. CODE
PROPERTY

7052 9741 7740 7761*

THERMAL EXP. COEFFICIENT
(xlO-e/°C) 22-500°C 5.2 4.9 3.5 2.6

VISCOSITY - TEMPERATURE (°C)
STRAIN PT. 436 421 515 515
ANNEALING PT. 480 465 565 565
SOFTENING PT. 712 714 820 820
WORKING PT. 1128 1161 1252 1252

DENSITY (g/cc) 2.27 2.18 2.23 2.23

YOUNG'S MODULUS (GPa) 56.5 49.6 62.7 62.7

POISSON'S RATIO 0.22 0.23 0.20 0.20

* The 7761 glass is an experimental glass and except for the
coefficient of thermal expansion the mechanical properties are
not available, but are similar to those of 7740.

Table III. Percent Composition of Selected Glasses (12)

Code Si02 B203 A1203 K20 Na20 PbO

7761 82.0 16.0 2.0

7740 80.3 9.0 6.4 4.0

9741 66.5 23.7 5.6 0.8 2.2

7052 65.3 17.8 7.4 3.8 5.7
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III. Exoerimental Procedure

A. Samole Fabrication

The composite specimens tested were all fabricated

using a vacuum hot press. The AVCO fibers came in six

inch (15.3 cm) wide rolls backed with aluminum. From this

roll, two inch (5.1 cm) squares of the fibers were cut with

the edges taped so that the aluminum backing could be

removed. Next the squares were painted with glass slurry

composed of glass powder, polyvinyl acetate, and acetone.

The polyvinyl acetate serves as a binder for the fibers

until hot pressing. The aluminum backing was removed from

the squares and both sides were painted with the slurry.

After the slurry dried, 12 squares were stacked

unidirectionally to form a sample. Between each layer of

fibers, two fibers were layed transversely across the

fibers (one at each end) to improve the distribution of

matrix between the fiber layers as shown in Figure 5. The

12 layer stack of plies was then heated to a temperature

between 700-750'C to burn off the binder and partially

sinter the glass. The sample was then loaded in a graphite

die for hot pressing. The die was lined with molybdenum

sheet on the four interior sides to prevent the glass from

reacting with the graphite die parts. Ten grams of glass

powder were packed above and below the stack of fiber

layers and molybdenum sheets were again used to prevent

reaction of glass with the graphite rams within the die
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0 ?ire flber layer

90 degree fibars for spadn

Figure 5. Fiber Layer Sequence for Fabrication

Theramcouple opening

0 MoI enum oee

. .. povder

... o..........................
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.,............................-Fiber laye

Graph/e ram U/e Inner wall

Figure 6. Sample Loaded in the Graphite Die
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(Figure 6). The sample was heated by induction under

vacuum until the glass powder slumped freely. This

temperature was approximately 50°C to 100°C above the glass

annealing point. The glass annealing point is defined as

the temperature at which glass under tensile stress

viscously elongates at specified rates and equates to a

viscosity of 1013 poises (12:323). This temperature

corresponded to a temperature of 850°C to 1150°C on the

thermocouple inserted into the die. At the processing

temperature, argon was added to the hot-press chamber and

the ram pressure on the sample was increased to

approximately 1000 psi (6.895 MPa). The sample was held in

these conditions between 25 to 30 minutes.

The fabrication conditions were critical in the

processing of samples, primarily because of the glass

matrices used. To understand the effects of temperature

and pressure on the fabrication process, some discussion of

glass is helpful. Glass is an example of an amorphous

material, or a non-crystalline elastic solid (14:134).

More specifically, at the atomic level glasses do not have

long-range order, but only short-range order. Glasses

become viscous liquids at elevated temperatures. When the

glass cools, there is no sharp freezing point as there is

in crystalline solids (7:260). The glass simply becomes

more viscous and then becomes rigid. This takes place at

the glass-transition temperature (Ts) which distinguishes
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between a glass and a supercooled liquid as seen in Figure

7. Just above the glass transition temperature the

supercooled, highly viscous liquid is semirigid, but it

progressively reduces its viscosity and becomes a more

fluid liquid as the temperature is raised. Below this

temperature, the glass is a rigid solid (18:122).

SupercooWe UqUld

Uquid

Volume

T T

Temperature

Figure 7. Glass-transition Temperature (18)

However, the glass liquid does have a freezing temperature

below which a more stable crystalline structure can form.

The activation energy necessary for structural

rearrangement to the more stable crystalline structure is

sufficiently high, and the heat of fusion which is released

is sufficiently low, so that the crystallization process

occurs slowly at the freezing temperature. At room

temperature, nealigib!, few of the atoms will have the
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necessary energy to break the existing bunds for

rearrangement (18:121). Normally then, during fusion of

the glass, very little crystallization takes place. If

however during hot pressing the freezing temperature was

exceeded and held for a sufficient time, crystallization of

the glass constituents could occur. This was a danger in

fabrication when too high a temperature was used. Another

problem existed in that high temperatures decreased the

viscosity of the glass, allowing it leak out between the

rams and inner walls of the die. Also the denser fibers

would settle to the bottom of the sample and excess glass

would form above the top layer of fibers. Applying

Wpressure helps in densification of the glass and increases

flow throughout the fiber layers. Additionally, the

pressure prevents the nucleation and growth of bubbles.

However, too high a pressure would force out the glass

along the die inner walls and the molybdenum sheets. Too

low a pressure would allow residual bubbles to form. The

argon was introduced to suppress the formation of bubbles

in the glass and provide an inert atmosphere.

B. Sample Preparation

After hot pressing, the two inch (5.1 cm) square

samples were cut into 0.2 inch (0.51 cm) wide strips using

a low speed diamond saw to minimize cutting edge damage.

The cut samples were then mounted on thick steel disks with

thermoplastic cement and polished progressively on the top
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and bottom to remove the excess glass covering the fiber

layers. The first step of polishing was done with a 75

micron diamond wheel. Then successively smaller sized

diamond pastes (15, 6, 1, and .25 micron) impregnated on a

cloth-covered wheel were used to further polish out surface

scratches and imperfections. For final polishing the

samples were placed in 0.05 micron alumina in a Vibromet

machine. End tabs made of 0/900 fiberglass/epoxy were

bonded to the samples using epoxy cement for gripping

during testing. The tabs were placed on the samples such

that a 0.75 inch (1.91 cm) length was exposed for damage

detection and strain gage attachment as shown in Figure 8.

4A The surface opposite that with the strain gage was observed

during testing with the straining fixture. The samples

tested in the straining fixture and those tested on the MTS

machine were prepared in the same manner.

Fiberglass Tab

1 Stran Gage

3.2 cm I 1.9 CM

8.3 cm

Figure 8. Tabbed Specimen for Testing
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Each sample's thickness and width were carefully measured

using a micrometer to determine the cross-sectional area.

Then a 350 ohm strain gage (Type CEA-06-O62VW-350) was

attached longitudinally to one side of the sample to be

tested in the straining stage. For the longitudinal

samples tested on the MTS machine for mechanical

properties, a stacked 0/90* strain gage (Type CEA-06-062WT-

350) was used.

C. Test Procedures

In order to observe damage formation and progression

in the samples, a specially devised straining fixture was

used which was developed by Dr. Ran Y. Kim of the

University of Dayton Research Institute. The apparatus

consists of a stainless steel pneumatic cylinder, a grooved

steel block, two pieces that grip the specimen, and a

strain indicator. The holding pieces grip the sid6s of the

specimens with allen screws. A tensile or a compressive

load may be applied to the specimen via a gas bottle

through the pnuematic cylinder. Figure 9 illustrates the

straining fixture schematically and Figures 10a and 1Ob are

photographs of the apparatus. The device applies a

constant load to the specimen controlled by the pressure

regulator on the gas bottle. One psi of pressure on the

bottle pressure indicator corresponds to a 2.65 lb load on
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Connection Pin Hole Composite Sample

z_'T ab

Allen Screws

a. Sample holding pieces

Connection pin between cylinder and sample--'---- Sample

Pneumatic Cyinder Samoe holding pieces

b. Schematic of components of straining fixture

Figure 9. Straining Fixture
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a. Composite sample gripped in holding pieces

b. Composite sample loaded in straining fixture

Figure 10. Straining fixture components
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the specimen. This relation was determined by calibrating

the straining fixture using a sample of aluminum with a

known elastic modulus. The aluminum sample was strain

gaged and loaded in tension. Knowing the modulus and

strait value, the stress applied was determined. From the

applied stress, the load was calculated using the cross-

sectional area of the specimen. Finally the relation

between the load on the specimen and the pressure delivered

by the pressure regulator was determined. To observe and

record the formation and progression of damage in the

samples, an Olympus inverted metallurgical microscope with

a Polaroid camera attached was used and is shown in Figures

1la and llb. The magnification power of the microscope

ranged from 50X to O00OX.

For the straining stage tests, the strain-gaged sample

was gripped in the device and any pre-strain noted. The

sample side visible on the microscope was observed for any

pre-existing cracks or noticeable defects. A tensile load

was then applied to the sample to produce approximately 100

micro strain. The sample surface was then studied for new

cracks or damage. Any significant change was photographed.

The strain was increased in increments of 100 micro strain

until the sample failed. To obtain the mechanical

properties of the composite systems, samples of each glass

and fiber were tested on a MTS Model 800 machine. Tensile

tests were performed on samples cut both longitudinally
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a. Metallurgical microscope

b. Polaroid camera attachment

Figure 11. Olympus inverted metallurgical microscope

and camera used for damage observation
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and tran'versely. The samples were prepared as discussed

in Section B of this chapter and had dimensions as

previously shown in Figure 8. The 0/900 stacked strain

gages were mounted on some of the longitudinal samples to

record both longitudinal and transverse displacement. The

longitudinal samples were tested at a constant load rate of

2.5 lb/in and a grip pressure of 800 psi. The transverse

samples were tested at load rate of 1.25 lb/in and a grip

pressure of 400 psi.

The fiber volume fraction (Vf) was determined for each

sample by using hydrofluoric acid to leach out the glass

matrix. A piece of each sample tested was weighed and

placed in a solution of hydrofluoric acid to leach out the

glass. The remaining fibers were dried in a quartz

crucible and reweighed to determine the weight fraction of

fibers. The volume fraction of fibers was then calculated

for each. Table IV summarizes the fiber volume fractions

for the samples tested. The desired Vt for the composites

fabricated was approximately 0.4. As Table IV indicates,

the Vf's obtained varied from 0.225 to 0.469. This

variation resulted primarily from the hot pressing

conditions used in fabrication. As mentioned in Section A

earlier in this chapter, at higher temperatures the

viscosity of the g]ass decreases resulting in glass leaking

from the sample along the die walls during hot pressing.

The loss of glass from the composite caused higher volume
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fractions than desired. This was the case in the samples

made with the 7740 glass as in Sample 32. In fabrication

extra glass powder was added when loading the fiber layers

and glass because of the high probability that some glass

would leak out at elevated temperatures during processing.

If the graphite die parts fit tightly and the glass did not

require a very high temperature for sintering ( 850°C) as

in the case for the 7052 and 9741 glasses, there was little

leakage of the glass. The resultant composites then had

lower volume fraction of fibers than desired as in Samples

27, 40, and 42.

Tuble IV. Sgmple Fiber Volume Fraction Measurement?

Samle Glass Fiber Volume Fraction

24 7761 .397

27 7761 .225

28 7761 .404

32 7740 .469

39 7052 .327

40 7052 .285

41 9741 .304

42 9741 .231
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IV Results and Discussion

During recent years, there has been an increasing

demand for high-performance materials for use in advanced

engine and aerospace applications. Of particular interest

are those materials for use at elevated temperatures. Many

ceramics and glasses exhibit relatively high strength and

stability at high temperatures, combined with low density

and chemical inertness (6:949). However these materials

are notch-sensitive and brittle. They have low fracture

toughness. Fiber reinforcement offers improvements in

strength and toughness in ceramics such that they may be

used in highly stressed, high temperature applications.

Before fiber reinforced ceramics can be used in these

critical applications, the factors affecting their strength

and failure mechanisms must be better understood. For

instance, fiber reinforced ceramics show a tendency toward

matrix-microcracking at stress levels below the ultimate

composite strength and the problems associated with this

phenomena are not well known. Additionally, designers must

be able to predict the strength of fiber reinforced systems

to ensure structural integrity and cost effectiveness.

Several failure prediction techniques for these brittle-

matrix composites exist (2,3,13), but little has been done

to verify their predictions with experimental data. In

this study, the initiation of damage formation and growth

in unidirectional fiber reinforced glass composites was
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investigated experimentally. This may depend on interface

conditions of the fiber and matrix, and hence the effect of

the residual state of stress at the interface on damage

progression was investigated. Also, some of the fracture

prediction models for brittle-matrix composites were

evaluated and compared to the experimental data of the

present study.

Four composite systems were fabricated and tested. In

the first composite, which was made of Code 7761 glass and

AVCO fibers, the fiber-matrix interface was under tensile

stresses in the radial direction. The second system (Code

7740 glass and AVCO fibers) theoretically had very little

aresidual stress at the fiber-matrix interface. In the last

two composites tested, (7052/AVCO and 9714/AVCO) the

interface residual stresses were compressive in the radial

direction. The residual stresses in the 7052/AVCO system

were higher than the 9741/AVCO system because of the

greater coefficient of thermal expansion mismatch between

the fiber and matrix.

Before the test results are discussed, a brief summary

of the fabrication conditions and problems for each

composite is given here. As explained in Section A of

Chapter III, the fabrication conditions vary for each glass

dependent upon the glass composition. The proper fabri-

cation conditions were essential for producing suitable

samples. Unfortunately, the correct conditions were not
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known beforehand and had to be determined by trial and

error for each glass. The fabrication of 7761/AVCO samples

was accomplished without much difficulty once the proper

processing temperature was determined. For these samples,

a thermocouple temperature of approximately 1050°C was

required. The pressure applied during hot pressing did not

appear to affect the samples greatly, but pressures in the

range of 750 psi (5.17 MPa) proved to be optimum.

The 7052/AVCO and 9741/AVCO composites were fabricated

easily primarily because the processing temperature

required was relatively low (approximately 850°C). This

lower temperature kept the glass viscosity high enough that

leakage from the die was minimal.' The viscous glass

allowed higher pressure to be applied during hot pressing

so that the samples had low porosity. However, as

discussed in more detail later in this chapter, the high

coefficient of thermal expansion mismatch between the fiber

and glass in these systems (7052/AVCO and 9741/AVCO) caused

high residual stresses. The high tensile residual stress

at the fiber-matrix interface in the axial direction caused

evenlyI spaced transverse cracks in the matrix. These

cracks resulted solely from the residual tensile stress in

the composite from fabricajion.

The proper fabrication conditions for the 7740/AVCO

composites proved difficult to find and even more difficult

to achieve in the hot press. The hot pressing temperature
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'brequired was very high (1150*C) to ensure complete

sintering and prevent crystallization of the glass. At

this high temperature, the viscosity of the glass was low,

causing excessive leakage of the glass from the die and

poor fiber alignment in the samples. Also high pressure

was required to densify the samples and prevent bubbles

from forming in the glass. The high pressure further

aggravated the leakage problem, squeezing the glass out

between the die walls. This system required both high

pressure and high temperature for processing which were

difficult to obtain without excessive glass leakage. As a

result of these processing problems, no 7740/AVCO samples

were produced that did not have defects such as poor fiber

alignment, high porosity, or high volume fraction of

fibers.

A. Mechanical Properties from MTS Tests

Samples made from each of the four glasses with AVCO

fibers were tested under tensile loading using a HTS

machine. Tests were performed on both longitudinally cut

and transversely cut samples as discussed in Chapter III.

Table V lists the samples tested and the measured

properties. Additionally, this table lists specific

comments on sample defects and testing problems. Figures

12 thru 15 depict graphically the variation in data
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obtained for the composite mechanical properties: elastic

modulus, transverse elastic modulus, ultimate tensile

strength, and transverse ultimate tensile strength. Table

VI shows the average values of the mechanical properties

measured from the HTS tests. For some glasses, the sample

data was widely scattered. In the case where a test gave

vastly different values of a specific property, this test

result was not included in the averages shown in Table VI.

For example in the 7740/AVCO system, three longitudinal

samples were tested on the MTS machine. The values of

composite modulus (Ec) measured were 173.5 GPa, 169.5 GPa,

and 269.4 GPa. The Eo of 269.4 GPa was not included in the

average modulus for the 7740/AVCO composite. For the

7740/AVCO system no transverse samples were available for

determining E2 because of the problems with fabrication

using this glass. During the test of a 9741/AVCO

transverse sample, the strain gage debonded from the sample

surface. A second sample to be tested was broken during

preparation for the test. Thus no valid E2 was obtained

for this system.

Table VII compares the predicted elastic moduli for

the composites by the rule of mixtures to the moduli

measured during testing. In looking at Table VII, the

longitudinal moduli determined experimentally from the MTS

data was generally lower than the predicted values from

rule of mixtures for the 7761/AVCO and 7'/40/AVC0
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Tab e V. _echaninal Properties of Glass/AVCO Comoosites

Sample Type* Vr X-Section E(GPa) UTS(MPa) Comments

Area(in2 )

Glas71

24B L .397 .0115 200.4 438.8
28X L .404 .0118 146.6 436.8
28Y L .404 .0126 182.9 274.4
28Z L .404 .0128 199.7 425.9

27A T .925 .0123 17.2 8.7
27B T .z25 .0157 23.8 12.1
27C T .225 .0140 49.4 17.3

32A L .469 .0160 169.5 275.0 2,3
32B L .469 .0141 269.3 306.9 2,3
32C L .469 .0166 173.5 312.4 2,3,6

No transverse samples tested

39B L .327 .0213 127.1 262.5 5
39C L .327 .0196 146.7 206.9 5
39D L .327 .0219 117.9 200.5 5,6

40A T .285 .0214 90.5 7.4 5
40B T .285 .0203 40.8 4.3 5

Gflass 9741

42B L .231 .0237 242.0 - - 5,6
42C L .231 .0250 127.6 293.3 5,6
42D L .231 .0235 183.8 110.3 5

41B T .304 .0219 - - 3.9 1,7

*Type: L indicates longitudinally cut sample
T indicates transversely cut sample

Comments:
1. Strain gage debonded 5. Pre-cracked matrix
2. High volume fraction of fibers 6. Pulled out of tabs
3. Poor fiber alignment
4. High porosity
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Figure 12. Elastic Modulus Values for Glass/AVCO Composites
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Figure 13. Transverse Elastic Modulus Values
for Glass/AVCO Composites
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Table VI. Average Mechanical ProDerties

als s UTS(HPai Trans. E(GPa) Trans. UTS(MPa)

7761 182.9 394.0 36.6 12.7

7740* 171.5 293.0 - -

7052 130.6 223.3 65.6 5.8

9741** 155.7 293.3 - 3.9

* Sample 32B was excluded in calculations
** Sample 42B was excluded in calculations

Table VTI. Comparison of Comoosite Elastic Moduli

726 7 7724 U 22A

Predicted Eo by
Rule of Mixtures (GPa) 203.6 227.9 173.7 159.2

135.71 124.51

Average Ea from
MTS Tests (GPa) 182.9 171.5 130.6 155.7

'Based on calculation which in',luded matrix cracks-see text
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composites. The rule of mixtures predicts the elastic

modulus of the composite (Ea) to be 203.6 GPa for the

7761/AVCO system (Vf = .4). From Table VII, the average Ea

is 182.9 GPa for this system. In the case of the 7740/AVCO

composite, the predicted Ea is 227.9 GPa (Vf = .469) while

the measured Ea is 171.5 GPa. The samples tested from the

7052 and 9741 glasses were already cracked transversely

during processing due to the CTE mismatch between the fiber

and matrix. Therefore the predicted Ea was calculated for

two cases for these systems. First it was assumed that the

matrix was free of any cracks and the rule of mixtures was

applied normally to determine Eo. In the second case the

cracks were considered for the calculation of Ea. To

account for these cracks, the contribution of the matrix to

the composite strength can be neglected in the rule of

mixtures or Ea = EVf. In the 7052/AVCO system, the

average measured Ea of 130.6 GPa was very close to the

valued predicted by the rule of mixtures which accounted

for the matrix cracking (135.7 GPa). For the 9741/AVCO

system, the opposite was true. The average measured value

of Ea was 155.7 GPa which was very close to the rule of

mixtures prediction that assumed no matrix cracking existed

(159.2 GPa). The 7052/AVCO composite had more closely

spaced matrix cracks than the 9741/AVCO system and overall

was more extensively cracked prior to testing. This may

explain why the 7052/AVCO system measured values of Ea were
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closer to the composite modulus predicted by the rule of

mixtures that accounted for the matrix cracks or Ea = EfVr.

Figure 12 also shows the composite modulus predicted by the

rule of mixtures compared to the experimental values.

Looking again at Table VI, the tensile strength in the

transverse direction of these unidirectional composites is

much less than the longitudinal tensile strength. The

samples proved very fragile in the transverse direction and

could be broken simply by rough handling.

From the load-displacement curves produced by the MTS

testing, apparent stress-strain curves were calculated

using the initial cross-sectional area of the samples. Two

examples of the stress-strain curves are shown in Figures

16 and 17. The curves for the other samples tested are

shown in the Appendix in Figures 46 thru 52. An

interesting aspect noted in the curve for the 7761/AVC0

longitudinal specimen (Figure 16) is the reversal of

transverse strain. This phenomena was first reported by

Kim and Katz (9) in their study of failure processes of

fiber reinforced ceramic matrix composites. In the stress-

strain curves obtained from the tensile tests, both the

axial and transverse stress-strain curves exhibit a

proportional limit. The transverse stress-strain curve

became nonlinear at .013 percent strain as indicated by

Point A on Figure 16. The axial curve became nonlinear at

.072 percent strain as shown by Point B in Figure 16.
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Beyond their respective proportional limit, the curves

behave nonlinearly. In this nonlinear region, the axial or

longitudinal strain continues to increase while the

transverse strain decreases. The transverse strain

actually changes its direction. Physically this means that

the composite stops contracting in the lateral direction

and begins expanding. This transverse strain reversal is

not well understood, but is believed to be caused by the

formation of axial matrix cracks and to fiber-matrix

debonding (9:1). Another observation during these tensile

tests is that transverse matrix cracks appeared on the

surface of some of the longitudinal specimens well before

the onset of nonlinearity in the stress-strain curves.

This was determined by noting the strain at which the first

crack appeared on the sample surface and comparing this to

the strain at which the stress-strain curve became

nonlinear. For example, during the test of Sample 28-Z, a

7761/AVCO system sample, matrix cracking was observed at an

axial strain of .05 percent while the onset of nonlinearity

occurred at .072 percent strain (Point B on Figure 16).

The number of cracks increased with increasing stress and

are assumed to be partially responsible for the

nonlinearity of the stress-strain curve. But because some

cracks did appear before the proportional limit, it can be

said that the onset of nonlinearity in the stress-strain

curve is not a reliable indication of the initiation of
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matrix cracking in this composite system. This assumption

that the initiation of matrix cracking causes the stress-

strain curve to become nonlinear is prevalent in literature

(1,3). As discussed earlier concerning the 7052/AVC0

system, the assumption that the pre-cracked matrix does not

contribute to the composite strength is also supporte by

the transverse strain curves of these samples shown in

Figure 17 and Figure 50 of the Appendix. The transverse

strains for these samples were very small and did not

exhibit the linear decrease or reversal as the 7761/AVCO

samples did. A possible explanation for this behavior is

that the cracked matrix is simply attached to the fibers in

segments and not supporting any stress. Hence the matrix

does not strain in the lateral direction.

R. Damage Formation and Progression

Case I: Corning 7761 Glass with AVCO SCS-6 Fibers

In this composite system, the coefficient of thermal

expansion of the fiber (a: = 3.6xlO-/°C) is greater than

that of the 7761 glass (am = 2.6x10-8 /°C). Because of this

CTE mismatch, the resultant residual stresses are as

follows:

1. Along the radial direction, the stresses on the fiber-

matrix interface are of tensile nature, as shown in Figure
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18a. This stress if strong enough may result in the fiber

and matrix debonding at the interface.

2. In the axial direction, the fibers will place the

matrix in compression while the fibers themselves are in

tension (Figure 18b). This matrix pre-stressing will

increase the overall strain required to initiate failure

and thus increase the overall strength of the composite.

However this pre-stressing assumes the fiber and matrix are

strongly bonded. If the interface cannot support the

induced stresses. little or no matrix pre-stressing will

occur (6:954). To obtain quantitative values for these

stresses, the NDSANDS model developed by Pagano and Tandon

(16) was used. This model assumes the fiber and matrix to

be linearly elastic, homogeneous, and perfectly bonded.

The predicted state of stress at the fiber-matrix interface

for the composite systems tested is presented in Table IX

and will be discussed later in this chapter. For the

AVCO/7761 system, three samples were tested on the

straining stage. The first sample tested exhibited matrix

cracking at strains of .08 percent as shown in Figures 19a

and 19b. In these figures, the gray area is the glass

matrix and the white bands are fibers. In Figure 19a, the

fibers are below the glass and appear as light colored

horizontal bars. In Figure 19b two fibers are seen at the

surface of the sample. In both figures the cracks run

transversely across the sample width and appear as dark
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Fiber

Matrix

a. Radial stresses at fiber-matrix interface
(tension-tension)

r ,

b. Axial stresses at fiber-matrix interface
(matrix in compression ,fibers in tension)

Figure 18. Stresses at fiber-matrix interface
7761/AVCO system

56



a. (lOOX)

b. (50X)

Figure 19. M~atrix cracking in 7761/AVO composite

at .08 percent strain
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vertical lines. The first cracks in the fibers were noted

at a strain of .14 percent as seen in Figure 20. In this

figure a great deal of matrix cracking is present along

with the crack in the center fiber at the surface. Both

fiber and matrix cracking were random in this sample. The

next two samples behaved somewhat differently in that both

matrix and fiber cracks appeared at approximately .05

percent strain as seen in Figures 21 and 22. These figures

show cracks in both the fiber and matrix that appeared

simultaneously. Again the formation of cracks appeared

randomly. Both fiber and matrix cracking continued as the

stress was increased. Some debonding at the fiber-matrix

I- . interface was observed in these samples at approximately

.14 percent strain as shown in Figure 23. The dark ragged

areas along the fibers are the regions where the fiber and

matrix are debonded. In one sample of the 7761/AVCO

system, several fiber cores pulled out of tho fiber at a

strain value of .13 percent. Figure 24a shows two broken

AVCO fibers in which the carbon core has pulled out. The

dark thin protrusions from the fiber ends are the pulled

out carbon cores. Figure 24b shows the area surrounding

the two fibers seen in Figure 24a. At high stress levels

(corresponding to strains of .15 percent) extensive matrix

shattering was exhibited which can be seen in Figures 25a

and 25b. At high stresses the matrix in the samples made
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M- ' -mono

at .14 percent strain (lOOX)
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oi Figure 21. Fiber and matrix cracks in 7761/AVC0
- composite at .04 percent strain (lOOX)

Figure 22. Fiber and matrix cracks in 7761/AVCO

composite at .05 percent strain (lOOX)
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Figure 23. Fiber-matrix debonding in 7761/AVCO
composite at .13 percent strain
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a. (200X)

b. (50X)

Figure 24. Fiber core pullout in 7761/AVCO composite

at .13 percent strain
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a. 7761/AVCO sample at .16 percent strain

b. 7761/AVCO sample at .15 percent strain

Figure 25. Extensive matrix shattering in 7761/AVCO

composite samples prior to failure
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from 7761 glass became heavily cracked and literally fell

off of the fibers.

One particular puzzling aspect of the tests on this

system was the premature cracking of fibers on the surface

of the samples. The AVCO SCS-6 fiber has a tensile

strength of 3450 MPa and an elastic modulus of 415 GPa.

This corresponds to a failure strain of approximately .83

percent while fibers in the straining stage were cracking

at strains as low as .05 percent. One possible explanation

of this occurrence is that during the polishing of the

samples the surface fibers are being damaged. Stress

concentrations and defects are being formed on the fiber

coatings and core reducing the strength of the fibers.

AVCO has reported that the uncoated fibers are half as

strong as those with coatings (17:5). An argument against

this rationale is that the composites tested in tension on

the MTS machine failed at a much lower stress than that of

the fibers, indicating that fibers throughout the sample

may be cracking prematurely as well (Table VI). One other

explanation to explain the fiber cracks at low stresses is

that there may be partial debonding between the fibers and

matrix. Several factors are in support of this

1. As discussed earlier in this section, the CTE mismatch

of the 7761/AVCO system (af > am) causes a residual tensile

stress at the fiber-matrix interface. If these stresses

64



are strong enough, debonding may occur even before any load

is applied.

2. Scanning electron microscope (SEM) microphotography

indicates possible partial debonding of fiber and matrix

in a sample of the 7761/AVC0 composite. Figure 26a shows a

transverse slice of a 7761/AVCO sample in a scanning

electron microscope at 500X. The large circular areas are

the fibers and the carbon core and the outer carbon

coatings can be clearly seen. The area between the fibers

is the matrix. The sample had not undergone any loading

prior to being examined with the SEM. Figure 26b is the

same area of the sample seen in Figure 26a at a

*magnification of 500OX. The thick black band and the

lighter colored band adjacent to it in the left third of

the photograph are the carbon and the silicon carbide

coatings on the outer diameter of the fiber. The thin dark

strip in the center of the photo dividing the fiber and the

matrix appears to be a gap or void. This gap may be the

result of debonding between the fiber and matrix in the

composite.

3. The measured longitudinal modulus of the composites

from HTS testing is lower than that predicted by the rule

of mixtures. The average longitudinal modulus measured for

the 7761/AVCO system was 182.3 GPa (see Table VI) while the

predicted modulus from the rule of mixtures is 203.6 GPa.

This lower modulus may be a result of debonding between the

65



a. (500X)

b. (5000X)

Figure 26. SEM photos of fiber-matrix interface in
7761/AVCO composite after fabrication
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fibers and matrix. The load is not transferred through the

matrix to the fibers, hence less stress can be carried by

the system and the resulting composite modulus is lower.

4. The NDSANDS model predicts the effective elastic

properties of the composite system assuming the fiber and

matrix are perfectly bonded. However by replacing the

fibers in the matrix with cylindrical holes, the properties

for the composite are calculated as if the fiber and matrix

are completely debonded. By using this approach, NDSANDS

predicts the transverse modulus E2 as 131 GPa for the

perfectly bonded fiber and matrix and 23.8 GPa for the

unbonded case. From MTS tensile tests on 7761/AVCO

transverse samples, the average value of E2 is 36.6 GPa as

shown in Table VI. This experimental value falls between

the transverse moduli for the cases of the perfectly bonded

fiber and the unbonded fiber, indicating possible partial

debonding between fiber and matrix. Although the factors

listed here seem to support the idea of partial debonding

between the fiber and matrix, it cannot be concluded that

in fact debonding is taking place. Each observation

discussed may be caused by reasons unrelated to debonding.

At this point neither the explanation that the surface

fibers are weakened by polishing nor the case for debonding

offers a satisfactory answer to the question concerning

premature surface fiber cracks. The occurrence of fiber

cracks at low stresses in the 7761/AVCO composites needs
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further study to determine the actual cause. One strategy

that should be pursued is determining whether the fibers

throughout the sample thickness are cracking prematurely

along with those at the surface.

In summary, for the 7761/AVCO system (where ar > am)

the straining fixture tests resulted in random fiber and

matrix cracking. The fiber cracks appeared at strains well

below the strain to failure of the fiber. At high stresses

the matrix cracked extensively and broke away from the

fibers. Figure 27 is a schematic view of a 7761/AVCO

sample after testing showing the randomness of fiber and

matrix cracks at a strain of .14 percent in the 7761/AVCO

* composite system.

Case II: Corning 7052 Glass with AVCO SCS-6 Fibers

Corning 9741 Glass with AVCO SCS-6 Fibers

The thermal expansion coefficient of these two glasses

is greater than that of the AVCO SCS-6 fiber. Composites

were fabricated using two different glasses for this case.

Samples made from the 7052 glass had matrix cracks from the

high residual stresses resulting from the large CTE

mismatch between the fiber and matrix. To try and prevent

these cracks, a glass (9741) was tried with a CTE closer to

that of the fiber to reduce the CTE mismatch and hence

reduce the residual stress in the system.

First to be discussed is the 7052/AVCO system where

the CTE of the 7052 glass is 5.2xlO-B/°C compared to the
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3.6xlO- /C CTE of the fiber (am > ae) The resultant

residual stresses are:

1. Along the radial lirection, the fiber-matrix interface

is in uompression, increasing the frictional fiber-matrix

bond (Figure 28a).

2. Along the axial direction, the fibers will place the

matrix in tension (Figure 28b). If thi differential in CTE

is large enough, the failure strain of the matrix may be

exceeded and a network of microcracks may develop

perpendicular to the fiber axis (6:954). As mentioned

previously in the discussion of residual stress, when

am > af, the matrix is in tension while the fibers are in

compression. When the CTE mismatch is great enough, the

residual tensile stress placed on the matrix may exceed the

strength of the matrix. This proved to be the case for the

7052/AVC0 system. All samples fabricated from this system

exhibited uniformly spaced matrix cracking transverse to

the fiber direction after processing. Figure 29 shows a

schematic of the cracks in a 2 inch (5.1 cm) square plate.

Two samples of the 7052/AVCO composite with the matrix

cracking are shown in Figures 30a and 30b. To ensure the

cracks were not a result of processing, the temperature and

ram pressure applied during hot pressing were varied.

Additionally, the samples were annealed to relieve any

residual stresses. The cracks temained in all fabricated

samples indicating the cracks were indeed a result of CTE
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Fiber

Matrix

of a. Radial stresses at fiber-matrix interface
(compression, compression)

Z Fiber Matrix

b. Axial stresses at fiber-matrix interface
(matrix in tonsion, fiber in compression)

Figure 28. Stresses at fiber-matrix interface for
7052/AVCO and 9741/AVCO systems
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Flbers (vertical lines)

Trensverse Matrix Crocks

Figure 29. Matrix cracks in a 7052/AVCO composite
plate after fabrication
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I

a. Matrix cracks it; 7052/AVCO composite plate
after processing

b. Edge of 7052/AVCO composite plate with matrix
cracks

Figure 30. Matrix cracking in 7052/AVCO composite
from CTE mismatch in fiber and matrix
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compressive stress field at the fiber-matrix interface is

most likely responsible for the lack of debonding and

excellent matrix integrity.

Because of matrix cracking in the 7052/AVCO composites

due to the thermal expansion mismatch, two samples using

CGW 9741 glass were also fabricated. The 9741 glass has a

CTE of 4.9xlO-B/°C which is still greater than the fiber

CTE but the overall mismatch is not as large as that in the

7052/AVCO system. It was hoped that the smaller CTE

mismatch between fiber and matrix would prevont the Latrix

pre-cracking. Unfortunately, the cracks again were present

in the samples using 9741 glass. The crack spacing in

thepe samples was slightly greater than the spacing in the

7052/AVCO samples because of the smaller CTE mismatch. One

sample of the 9741/AVCO system was tested on the straiing

stage. However it failed prematurely due to a large

previously undetected crack between fiber layers in the

sample.

In summary, for the 7052/AVCO and 9741/AVCO

composites, the large CTE mismatch between the fiber and

matrix caused high tsnsile stresses in the axial direction

resulting in transverse cracks in the matrix during

fabrication. The pre-cracked samples were still tested and

the existing cracks opened further under tensile loading.

At strains of .08 percent fiber cracks appeared near the

matrix cracks. Extensive matrix cracking did not occur at
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high stresses and the matrix remained intact throughout the

testing. Figure 33a illustrates the matrix cracking in a

sample prior to testing while 33b shows the formation of

fiber cracks that occurred at strains near .06 percent.

Case III: Corning 7740 Glass with AVCO SCS-6 Fibers

The reported coefficient of thermal expansion of the

7740 glass is 3.7xlO-6/°C which is very close to that of

the AVCO SCS-6 fiber. Theoretically no residual state of

stress would exist at the fiber-matrix interface due to CTE

mismatch. The fabrication of samples using 7740 glass

proved difficult. The combination of high temperatures

required for hot pressing (1125-1175°C) and high pressures

to reduce the formation of residual bubbles caused

excessive glass leakage from the die. The heavy glass

leakage produced samples with high volume fraction of

fibers (Vf = .5). Also the high temperatures decreased the

viscosity of the glass allowing the fibers to move more

freely. Hence several samples had poor fiber alignment.

All of the 7740/AVCO samples fabricated exhibited either

poor fiber alignment, high porosity and bubble content,

high volume fraction of fibers, or a combination of the

three. One 7740/AVCO sample was tested on the straining

stage. The sample had a volume fraction of fibers of .469.

During testing, the onset of matrix cracking appeared

approximately at .08 percent strain (Figure 34). A fiber
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Figure 34. Hultiple matrix cracking in 7740/AVC0
composite at .08 percent strain (50X)

Figure 35. Fiber crack in 7740/AVCO composite at

.06 percent strain (1OOX)
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crack was first observed at .06 percent strain and is shown

in Figure 35. The test was not completed because the

mat" . under the strain gage cracked extensively so that no

valid strain readings could be obtained (Figure 36).

Further, extensive matrix -racking was observed at a stress

of 142 MPa. No further tests were accomplished using the

7740/AVCO samples because the remaining samples all had

defects as discussed earlier. Because of the poor success

in fabricating suitable samples for testing using the 7740

glass, no additional samples were fabricated.

As a suzmmary, the results from the straining fixture

tests for each system will be briefly discussed here. The

7761/AVCO composite, in which the CTE of the fiber is

greater than the matrix, has radial tensile stress at the

fiber-matrix interface. Under tensile loading, random

fiber and matrix cracking appeared. In some cases

debonding at the fiber-matrix interface was present as well

as fiber-core pullout. Fibers at the surface of the

composite cracked at low strain values compared to the

failure strain of the fiber. Possible explanations for

this include degradation of the fibers from polishing and

partial debonding between the fiber and matrix. At high

stresses, the matrix in the samples shattered extensively

and fell away from the fibers. The 7052/AVCO and 9741/AVCO

systems both have radial compressive stresses at the fiber-

matrix interface resulting from the CTE mismatch between
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Figure 36. Extensive matrix cracking under strain
gage in a 7740/AVC0 composite sample
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fiber and matrix. The glasses both have CTE's higher than

the AVCO fiber. The high residual stresses at the fiber-

matrix interface in these two systems caused transverse

cracking in the matrix prior to any loading. Samples were

fabricated using the 9741 glass which has a CTE closer to

the fiber than the 7052 glass to reduce the high residual

stresses and prevent the matrix cracking. However, the

reduction in residual stress was not sufficient and cracks

were, still, present in the 9741/AVC0 system. Samples of

both these systems were tested on the straining fixture.

The pre-existing cracks opened under tensile loading and at

strains near .06 percent fiber cracks appeared near the

matrix cracks. The matrix did not crack extensively or

debond from the fibers even at high stresses. In the

7740/AVCO system the fiber and matrix CTE's are very close

and should have little residual stresses at the fiber-

matrix interface. For this system, the samples fabricated

exhibited high porosity, poor fiber alignment, and high

volume fraction of fibers. The problems with fabrication

in this system resulted in few samples suitable for

testing. One sample was tested on the straining fixture

but the results were inconclusive because the strain gage

debonded from the sample. Overall it appears the residual

stress state at th.- fiber-matrix interface greatly affects

the composite's behavior under tensile loading. Radial

tensile stresses as in the 7761/AVC0 system result in heavy
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matrix cracking and debonding at the fiber-matrix

interface. The 7052/AVCO and 9741/AVCO systems with radial

compressive stress at the fiber-matrix interface showed

excellent matrix integrity under tensile loading. However

the axial tensile stresses along the fiber-matrix interface

caused transverse cracks throughout the matrix.

C. The -etical Model..

As a result of the increasing interest in fiber

reinforced ceramic composites, much work has been done to

develop models to predict the strengths of these

composites. Several of the models in existence were

discussed in Chapter II. These models generally predict

the matrix cracking stress and residual stresses at the

fiber-matrix interface. A comparison of the predicted

stresses and those determined experimentally will help in

the determination of the accuracy of the models. Before

the designer can safely use such models as tools in design,

the limitations of the models must be known. Thus

empirical results are needed to further refine and validate

the theoretical models.

Table VIII shows the predicted interfacial shear

stresses using the model developed by Aveston, Cooper, and

Kelly (2) based on the average cra4 spacing in the matrix

(equation 6). The crack spacing was measured from samples
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tested under tensile loading in the straining stage over

the gage length. The experimental interfacial shear

strengths were determined by fiber pullout tests conducted

by Kerans and Jurewicz (8). The pullout tests were

conducted on single AVCO fibers imbedded in the glasses

(CGW 7761, 7740, 7052, and 9741). The samples were hot

pressed in graphite dies under similar conditions to those

used in fabrication of the composites for this work. The

experimentally determined interfacial shear stresses agree

fairly closely with the predicted values as shown in Table

VIII. Some of the difference between the predicted and

experimentsl values can also be attributed to the nature of

the single fiber pullout test. It can be shown that the

shear stress for a single fiber embedded in glass is higher

than that for fibers in a composite. Hence the shear

stress in glass and AVCO composites may be closer to the

predicted values than Table VIII indicates. Of special

note is that both the predicted and experimental values of

shear stress increase as the coefficient of thermal

expansion for the matrix increases. Specifically, for the

7761/AVCO systen, af > am, and the radial stress state at

the fiber-matrix interface is in tension. The values of

interfacial shear stress for this system are the lowest of

the four composites. On the other hand, the 7052/AVCO

system (am > af) has compressive stresses in the radial

direction at the fiber-matrix interface. Hence the matrix
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Table VIII. Comparison of Tnterffacial Shear Stresseg.

Glas/AVCO Fiber MU M 9741 7052

Predicted Interfacial
Shear Stress from 3.83 4.83 5.31 7.02
ACK model* (MPa)

Measured Interfacial
Shear Stress** (MPa) 4.10 5.75 8.40 9.95

Volume fraction fiber .400 .469 .230 .300

* From Ref. 2
** From Ref. 8
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squeezes the fiber and there is a higher interfacial shear

stress.

As discussed in Chapter II, the models by Aveston,

Cooper, and Kelly (ACK); Marshall, Cox. and Evans (MCE);

and Budiansky, Hutchinson, and Evans (BHE) all use the same

basic relation to predict the matrix cracking stress

(2,3,13). However the BHE model includes the state of

residual stress in the determination of the overall stress

required for matrix cracking. Table IX compares the

predicted matrix cracking stresses of the four composite

systems studied. The stress acr is the matrix cracking

stress predicted identically by the ACK, MCE, and BHE

models. The equations used by these models for matrix

cracking stress were discussed in Chapter II and are

repeated here.

ACK:

Omu = Eo(12TKm'(1-112)EVf2/EoEm 3 rfVml1 /3  (17)

MCE:

Co (6(1-i 2)Km" TEfVfrVm(l+r)2/Emrf) 1 /3  (18)

where r EfVf/EmVm

BHE:

ai/Eo = 1/Em(6Vf'EfTKmc2 (I 2l)/rfEmEoVml}/ 3  (19)
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The stress car is that predicted by the BHE model

accounting for the residual matrix stress:

OCr = al - (Ec/Em)a7 (20)

where o'/Em = k2/P1[Ef/E][Vf/1--1]Q (21)

S= 1- (l-2i/1-t)(l-Ec/Er), 32 0= 1+Ec/Ef) (22)

Q (ef - EM) (23)

The experimental cracking stresses were determined from

observations of crack formation during the straining stage

tests. The 7052/AVCO samples were cracked prior to testing

because of the CTE mismatch in the system. However, the

stress listed in Table IX is that at which new matrix

cracks occurred under tensile loading. As mentioned

previously, the 9741/AVCO samples tested were cracked

between fiber layers and failed prematurely and no matrix

cracks were noted prior to the catastrophic sample failure.

In all cases, the matrix cracking stresses predicted by the

models vastly exceeds the experimental values. Thus it

appears the models overestimate the matrix cracking

stresses for the composites. A possible explanation for

this is the effect of flaws in the glasses comprising the

matrices of the composites. The glasses in the fabricated

samples all have some degree of porosity and imperfections

reducing their strength. The models do not account for the
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Table TX. Iheoretical Model Comparisons

Predicted Matrix Cracking S r.~s sJ. XA.

Glass/AVCO Fibers AR l4u 741 70

ACKI, MCE2

oo 183.8 255.0 i40.3 205.6

BHE3*
Oor 297.5 268.6 70.4 74.7

Expe rimental Stress at First Microcrack (HPa)

Oaoz 116.7 142.7 - 38.6

Matrix Residua) Stresses at Fiber-Matrix Interface (MPa)

BHE3
oY -35.0 -3.8 26.0 42.6

Oel and
Frechette4

or 14.2 1.4 -12.1 -17.8

ae -33.1 -3.3 28.3 41.6

NDSANDS5

Cy -37.4 -3.9 29.0 40.6

ar 18.5 1.8 -15.5 -22.2

ae -43.2 -4.1 36.2 51.8

T (°C) for residual
stress calculation 600 600 500 525

1 Aveston, Cooper, and Kelly (2)
2 Marshall, Cox, and Evans (13)

3 Budiansky, Hutchinson, and Evans (3)
4 Del and Frechette (15)
5 Pagano and Tandon (16)
* BHE matrix cracking stress includes residual stress from

fabrication
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flaws thus their predictions of matrix cracking stress are

high.

In an effort to isolate the effects of the physical

parameters on the matrix cracking stresses predicted by the

models, interfacial shear stress and volume! fraction of

fibers were varied over a wide range. Figures 37 thru 40

show the effect of interfacial shear stress on the matrix

cracking stress predicted by the MCE model. Again the ACK,

BHE, and MCE's basic equations for matrix cracking stress

are the same. The interfacial shear stress T in equation

18, was varied from 1 MPA to 10 MPa for all four composite

systems. This range of shear stresses encompasses the

experimentally measured shear stresses measured by Kerans

and Jurewicz (8). The curves indicate that the variation

of interfacial shear stress does significantly affect the

matrix cracking stress. The matrix cracking stress for a

shear stress of 10 MPa is roughly twice that for a shear

stress of 1 MPa. As expected, the greater the interfacial

shear stress, the greater the matrix cracking stress.

Figures 41 through 44 show the variation of matrix

cracking stress with volume fraction of fibers. Vr in

equation 18 was varied from 0.0 to 1.0 for the four

composite systems. The matrix cracking stress increases

dramatically with increasing V!. However a limitation of

the models becomes apparent from this parametric study. In

the mid-range of values of Vt the predicted values of
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matrix cracking stress appear valid. However as Vf

approaches zero, the predicted matrix cracking stress also

goes to zero. In reality for Vf = 0, the matrix cracking

stress should be that of the monolithic matrix. At the

other end of the scale where Vt approaches one, the model

predicts the matrix cracking stress goes to infinity or a

singular solution. For Vt = 1, the matrix cracking stress

should be equal to that of the fibers. Thus for the cases

of very small Vf and very large Vt, the models are not

satisfactory.

Table IX also includes the comparisons of the residual

stresses at the fiber-matrix interface predicted by IDSANDS

*e (16), Oel and Frechette (15), and the BHE model (3). The

BHE model only predicts the residual stress ini the axial

direction, but its predicted values of an are very close

with those of the NDSANDS model. The model by Oel and

Frechette was developed for thin cylindrical disks and the

assumption of plane stress, so a, is assumed equal to zero.

While the values of ar and ae from NDSANDS and Oel and

Frechette agree fairly closely, the plane stress

formulation of the latter accounts for most of the

differences between the two models' predictions. The

calculation of the residual stresses is dependent on the

change in temperature the composite system undergoes from

fabrication (when the system is considered stress free) to

the temperature at which the composite will be used (room
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temperature for this study). To obtain accurate

temperatures at which the composite would be stress free,

thermal expansion data for each glass was used. An example

of this type of data is shown in Figure 45. The change in

temperature was measured from room temperature to the point

where the curve reaches a peak which corresponds to the

temperature at which the glass will not support any stress.

This chapter discussed, in detail, three main phases

involved in the study of damage progression in fiber

reinforced glass matrix composites. Section A covered the

tensile testing of longitudinal and transverse composite

70"

e7o

E
u50

0I0 200 300 400 500 600 700 $DO

Temperaurr ('C)

Figure 45. Example of Thermal Expansion Data for Glass
from Ref. 11.
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samples using a servo-hydraulic testing machine (MTS). The

results of these tests are summarized in Tables V, VI, and

VII. Table V lists all the samples tested and the

mechanical properties measured for each. Table VI shows

the average mechanical properties for the four composite

systems tested. And Table VII compares the average elastic

moduli determined from the MTS tests to the predicted

composite moduli for each system. From the load-strain

curves generated by the MTS machine tests, stress-strain

*curves were plotted and are shown in Figures 16-17 and

Figures 46-52. Section B discussed the straining fixture

testing of the four composite systems and the damage

progression for each. The different states of residual

stresses in the four systems is explained as well as the

effect these stresses have on the damage that occurred

during loading. Finally in Section C, experimentally

determined stresses are compared to values predicted by

theoretical models. Table VIII shows the comparison of

interfacial shear stress predicted by Aveston, Cooper, and

Kelly to shear stresses measured in fiber pullout tests.

Table IX compares the matrix cracking stress observed

experimentally to the stress predicted by the models of

Aveston, Cooper, and Kelly; Marshall, Cox, and Evans; and

Budiansky, Hutchinson, and Evans (2,3,13). Also compared

are the residual stresses predicted by the NDSANDS model

(Pagano and Tandon) and a model by [-el and Frechette. A
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parametric study was conducted on the MCE equation for

matrix cracking stress. In this study, volume fraction of

fibers (Vf) and the interfacial shear stress were varied to

the see their effects on the predicted matrix cracking

stress.
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V. Conclusions

This study was conducted to investigate the damage

progression in fiber reinforced brittle matrix composites

under tensile loading. There is great potential for these

composites in high temperature applications. The failure

mechanisms of fiber reinforced ceramic composites are not

well understood. Before these systems can be used in

components subjected to high stresses, the characteristics

of failure must be known so that designers can safely

predict their strength and design life. Composites were

fabricated using four different glasses manufactured by

LI Corning Glass Works and AVCO SCS-6 fibers. Testing of the

composites was accomplished in three phases. First, each

system's mechanical properties were measured using a HTS

machine. Next the initiation and progression of damage in

the composites under tensile loading was observed. Finally

the experimentally determined values of matrix cracking

stress were compared to predicted values by three

theoretical models. The conclusions drawn from this

experimental study are as follows:

1. The proper fabrication conditions were essential to

produce samples with the desired characteristics such as

good fiber alignment, low porosity, and a specified volume

fraction of fibers.
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2. The fabrication conditions varied for each glass and

were dependent upon the glass composition.

3. The composite elastic modulus predicted by the rule of

mixtures was higher than the modulus experimentally

measured for the 7761/AVC0 and 7740/AVCO systems. The

predicted modulus for the 9741/AVC0 system was very close

to the average measured value. For the 7052/AVCO system,

the predicted modulus that assumed that the matrix did not

contribute to the composite strength was very close to the

experimental value.

4. The transverse ultimate strength and modulus for these

unidirectional composites were very low compared to the

longitudinal properties.

5. Transverse strain reversal was observed in the stress-

strain curves for the 7761/AVCO composite. This phenomena

was first reported by Kim and Katz (9).

6. Matrix cracking was observed in tensile tests prior to

the onset of nonlinearity in the stress-strain curves.

This is in contrast to many theoretical models and

literature where the initiation of matrix cracking is

assumed to coincide with the onset of nonlinearity in the

stress-strain curve.

7. The residual stress state at the fiber-matrix interface

in the composites tested has a large effect on the nature

of damage progression under tensile loading.
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8. In the 7761/AVCO system, which has tensile radial

stresses at the fiber-matrix interface, damage was

characterized by random fiber and matrix cracking, and

extensive matrix cracking at high tensile stresses. Some

debonding at the fiber-matrix interface and fiber-core

pullout was also observed.

9. High residual tensile stresses along the fiber-matrix

interface in the 7052/AVCO and 9741/AVCO systems caused

transverse matrix cracking during fabrication. The high

residual stress in the axial direction %as caused by the

large CTE mismatch between the fiber and matrix where

am > a .

10. Compressive radial stresses at the fiber-matrix

interface in 7052/AVCO and 9741/AVC0 systems prevented

extensive matrix cracking and fiber-matrix debonding under

tensile loading.

11. Fiber cracks formed in the 7052/AVC0 system at a very

low strain level of .06 percent during tensile testing and

were very close to the pre-existing matrix cracks.

12. The interfacial shear stresses predicted by the

Aveston, Cooper, and Kelly model (2) agreed well with the

experimental values from fiber pullout tests.

13. The Aveston, Cooper, and Kelly (2); Marshall, Cox and

Evans (13); and Budiansky, Hutchinson, and Evans (3)

predictions of matrix cracking stress were much larger than

the experimental stresses observed in testing.
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14. The theoretical models (2,13,3) are not valid for

volume fractions of fibers near zero or one.
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VI. Recommendations

Although much has been learned about the failure

mechanisms in the Glass/AVCO composites used in this study,

there remains much to be accomplished. Several areas are

listed here that deserve further consideration:

1. More samples of the composites should be tested to

verify the failure characteristics and mechanical

properties determined in this study. In the mechanical

properties particularly, the data had considerable scatter

and in some cases no valid results were obtained.

2. The fibers and matrices to be used in composites must

be carefully chosen so that the difference between the

CTE's of the fiber and matrix is limited. By limiting the

CTE mismatch, the residual stresses at the interface can be

limited to stop matrix pre-cracking.

3. Alternate methods of fabrication should be researched.

Hot pressing using graphite dies proved difficult for some

glasses and the ability to control the processing

conditions is limited.

4. The use of a high speed camera in conjunction with the

straining fixture should be investigated. Presently, the

samples being tested have to moved across the lens of the

microscope by hand which takes a great deal of time and new

cracks and damage can easily be overlooked. A high speed
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camera would better document the damage progression in the

samples tested.

5. The analytipal models considered in this study Should

be refined to give more accurate predictions of matrix

cracking stress.
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Appendix: Stress-strain Curves
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Figure 46. Stress-Strain Curve for AVCO/7761
Sample 28-X
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This experimental study was conducted to investigate the damage progression
in fiber reinforced ceramic matrix omposites under tensile loading. As part
of this study, the effect of the residual stresses at the fiber-matrix interface
on damage progression was evaluated.

Composite samples were fabricated frmn silicon carbide fibers and boro-
silicate glass matrices. Each glass had a different coefficient of thermal
expansion than the fiber and through the variation of this mismatch, the residual
stresses at the fiber-matrix interface were varied resulting .n different bonding
conditions at the fiber-matrix interface.

The mechanical properties of the composites were measured using a servo-
hydraulic mechanical testing machine. During these tests, transverse strain
reversal was observed which is believed to be caused by axial matrix cracks and
fiber-matrix debonding. Ma ix cracking occurred in the composites tested before
the onset of nonlinearity n thetress=sta-i --- r-- . Tensile tests were
conducted on the composites using a constant load straining device in which
damage progression was observed using an optical microscope. The residual stress
state at the fiber-matrix interface showed a significant role in the damage
progression. Composite samples with tensile radial stresses at the interface
failed by random fiber and matrix cracks under tensile loading and in some cases
fiber-matrix debonding was observed. At high stresses, extensive matrix damage
took place. Samples tested with compressive radial stresses at the fiber-
matrix interface did not exhibit random cracking or heavy matrix damage even
at high stresses. Composite systems in which the coefficient of thermal
expansion of the matrix is much greater than that of the fiber had high axial
tensile stresses from fabrication. These residual stresses caused uniformly
spaced transverse cracks to form in the matrix. The exparimental stresses when
matrix cracks occurred were compared to predicted stress values fram analytical
models. The models vastly overestimated the stresses at which matrix cracking
would occur in these composites.
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